The patterns of feed intake when animals are allowed ad libitum access to feed in a respiration chamber is not known, nor are the potential effects of the artificial environment of chambers on voluntary feed intake. The objectives of the study were to describe the pattern of hourly feed intake of sheep when fed for ad libitum intake in respiration chambers and determine the repeatability of this pattern and the correlation between feed intake and methane production calculated at hourly intervals. Daily and hourly measurements of methane production and feed intake of 47 Merino wethers were measured in respiration chambers twice, 4 wk apart. We found that hourly feed intake of sheep with ad libitum access to feed in respiration chambers showed a repeatable pattern over the 2 measurement periods (r = 0.89, P < 0.001). During both measurements, sheep ate continuously throughout the 23 h period, but most of the eating occurred during the first 8 h in the respiration chambers. There was a significant linear correlation (r = 0.22) between hourly feed intake and hourly methane production (P < 0.001). An unexpected result from this study was that despite using an accepted and published acclimatization procedure to habituate the animals to the respiration chambers, sheep had 15 to 25% lower feed intake in the respiration chambers compared with their feed intake during the previous week in the animal house pens. In addition, daily feed intake in the respiration chamber was not correlated with feed intake in any of the 7 d before entering the chamber (P > 0.05). Future methane research may consider using feed intake and changes in intake levels as a quantitative indicator of habituation to the methane measurement procedure and environment, which, given the tight association between feed intake and methane production, will be crucial in providing accurate values for methane production.
ABSTRACT:
The patterns of feed intake when animals are allowed ad libitum access to feed in a respiration chamber is not known, nor are the potential effects of the artificial environment of chambers on voluntary feed intake. The objectives of the study were to describe the pattern of hourly feed intake of sheep when fed for ad libitum intake in respiration chambers and determine the repeatability of this pattern and the correlation between feed intake and methane production calculated at hourly intervals. Daily and hourly measurements of methane production and feed intake of 47 Merino wethers were measured in respiration chambers twice, 4 wk apart. We found that hourly feed intake of sheep with ad libitum access to feed in respiration chambers showed a repeatable pattern over the 2 measurement periods (r = 0.89, P < 0.001). During both measurements, sheep ate continuously throughout the 23 h period, but most of the eating occurred during the first 8 h in the respiration chambers. There was a significant linear correlation (r = 0.22) between hourly feed intake and hourly methane production (P < 0.001). An unexpected result from this study was that despite using an accepted and published acclimatization procedure to habituate the animals to the respiration chambers, sheep had 15 to 25% lower feed intake in the respiration chambers compared with their feed intake during the previous week in the animal house pens. In addition, daily feed intake in the respiration chamber was not correlated with feed intake in any of the 7 d before entering the chamber (P > 0.05). Future methane research may consider using feed intake and changes in intake levels as a quantitative indicator of habituation to the methane measurement procedure and environment, which, given the tight association between feed intake and methane production, will be crucial in providing accurate values for methane production.
INTRODUCTION
Open-circuit respiration chambers are recognized as the most accurate method of measuring methane production from livestock (Blaxter and Clapperton, 1965; Klein and Wright, 2006; Hegarty et al., 2007) . However, the respiration chamber environment is artificial and as such the behavior of the animals inside the chamber is not representative of animals in production systems (grazing or lot feeding). Therefore, methane produced in respiration chambers may not be indicative of methane produced by animals in production settings where they can exhibit a wider range of normal behaviors, including eating behaviors (Johnson et al., 1994) .
Ruminants have been described as having a circadian pattern of grazing behavior (Lynch et al., 1992) . Consequently, many studies try to replicate this circadian, 2-peak grazing behavior in the respiration chamber by offering restricted amounts of feed in small portions during the morning and afternoon (O'Kelly and Spiers, 1992; Pinares-Patiño et al., 2003; Goopy et al., 2011) . Restricting feed intake in the respiration chamber consequently reduces the between-animal variability in methane production as all animals are consuming similar amounts of feed. Restricting feed intake may reduce a source of variability in methane production and make comparisons between animals easier, but it may also mean that an animal's true (or potential) methane production is masked. Therefore, it may be important for respiration chamber studies to allow ad libitum access to feed to determine the true methane production of individuals.
The patterns of feed intake when animals are fed for ad libitum intake in a respiration chamber is not known, nor are the potential effects of the artificial environment of the chambers on voluntary feed intake. This study investigated the pattern of hourly feed intake of sheep fed for ad libitum intake in respiration chambers and the correlation of hourly feed intake with methane production. In addition, the repeatability of hourly feed intake and methane production over time (4 wk) was also investigated.
MATERIALS AND METHODS
Daily methane production (DMP) and hourly feed intake of 47 Merino wethers (2 yr old) were measured in respiration chambers twice, 4 wk apart. Sheep were fed a mixed ration, 90% chaffed oaten hay and 10% cracked lupins (estimated DM % of ADF: 36.1, NDF: 55.7, CP: 9.1, and ME: 8.9), for ad libitum intake for 10 wk before the first methane measurements and throughout each measurement period. Feed and water were offered for ad libitum intake while in the respiration chamber, with 20% more feed offered than the previous day's intake. Throughout the experimental period sheep were housed indoors in individual pens and daily feed intake was recorded by weighing refusals from the previous day's offering of feed immediately before fresh feed was offered each day. Sheep were weighed weekly and the mean BW (±SEM) of sheep was 64.1 ± 0.8 kg during the first methane measurement and 65.8 ± 0.8 kg during the second measurement. The Commonwealth Scientific and Industrial Research Organisation Animal Ethics Committee approved the use of animals and the procedures.
Methane Measurements and Calculation
Daily methane production was measured using 4 open-circuit respiration chambers (Klein and Wright, 2006) during the Australian summer months from 1 to 18 November 2010 for the first measurements and 1 to 16 December 2010 for the second measurements. The room in which the respiration chambers were located was controlled at a temperature of 24.9 (±0.06) and 23.5°C (±0.05) with relative humidity of 65.4 (±0.17) and 72.6% (±0.29) during November and December 2010, respectively. The light-dark cycle was not controlled in the chamber room and thus was under the control of natural light-dark cycles, which were approximately 14 h of light and 10 h of dark during November and December 2010. Where possible, the time of day that sheep entered and exited the respiration chambers were kept consistent. Sheep entered the respiration chambers at approximately 1000 h and exited the respiration chambers at approximately 0900 h the next day. Before and between methane measurements, sheep were housed indoors in individual pens as described above. All sheep were habituated to the respiration chambers by increasing periods of confinement in the respiration chambers, room, people, and handling over a period of 2 to 3 d per sheep. Calm, nonagitated behavior of the sheep while in the respiration chamber and to people and handling were used as indications that the sheep were habituated to the respiration chamber (Williams et al., 2007) . During methane measurements, access to the respiration chamber room was limited as much as possible to minimize disturbance to the animals. Sheep were monitored by 1 person briefly entering the room on 2 occasions each day and also continuously by remote monitoring of live video footage of the sheep in respiration chamber room. The operation and calculation of DMP over 23 h in the respiration chambers are described in detail by Klein and Wright (2006) . Briefly, methane concentration was determined by gas chromatography from subsamples of air drawn from each respiration chamber every 6 min. The amount of methane produced by the animal is calculated as a product of the amount of air drawn through the respiration chambers, corrected to standard temperature and pressure, and the concentration of methane in the air leaving the chamber corrected for the concentration of methane in the ambient air (Klein and Wright, 2006) .
Feed Intake Measurements
Feed intake, reported on as-fed basis, was measured continuously while the sheep were in the respiration chamber using remote sensing scales (Parani SD100 Bluetooth serial adaptor; SENA, San Jose, CA) that recorded every 5 s the weight of the feed container that was sitting on top of the scales inside the chamber. Hourly feed intake was determined from the recorded data postexperiment by calculating the amount of food consumed by each individual every hour in the respiration chamber. Due to technical difficulties with the telemetric recording of data, complete records of hourly feed intake data were only available for 37 sheep during the first measurement, 35 sheep during the second measurement, and 21 sheep for both measurements. Total feed intake was recorded at the end of each respiration chamber measurement by weighing feed refusals. Daily feed intake data was available for all 47 sheep. During the second measurement, 1 sheep did not eat while in the respiration chamber and was removed from the analyses.
Statistical Analyses
The correlations between the first and second measurements of average hourly feed intake, average hourly methane production, and the correlations between daily feed intake for each of the 7 d before and in the respiration chamber was performed using a Pearson correlation and a Bonferroni probability with SYSTAT version 10 (SPSS Inc. 2000; Chicago, IL). Comparisons between the first and second measurements of DMP were performed with a student's paired t test. Hourly methane production was regressed against hourly feed intake using a simple linear regression in SYSTAT version 10 (SPSS Inc. 2000; Chicago, IL). Regression analysis was repeated after incorporating a time lag of 1, 2, 3, or 4 h into the methane production data; hourly feed intake during hour (x) was regressed against hourly methane produced during hour (x + 1, x + 2, x + 3, and x + 4) and repeated for feed intake for subsequent hours.
RESULTS

Pattern of Feed Intake
Sheep with ad libitum access to feed in the respiration chambers, on average, ate continuously during the 23 h in the respiration chamber (Fig. 1) . The pattern of average hourly feed intake over the 23 h was highly correlated between the first and second measurements 4 wk apart (r = 0.89, P < 0.001). During the first hour in the respiration chambers sheep ate an average (±SEM) of 152 ± 26 (first measurement) and 145 ± 22 g (second measurement), which represented 10% of their total intake during the 23 h in the respiration chamber for both measurement periods. The hourly intake of the sheep declined over the next 1 to 2 h, after which hourly feed intake gradually increased for the next 5 (first measurement) to 7 h (second measurement). However, after 8 (first measurement) to 9 h (second measurement) in the respiration chambers the hourly intake declined and for the remaining 13 to 15 h in the respiration chambers sheep had small but consistent intakes each hour ranging from 20 to 60 g (Fig. 1) .
Sheep consumed most of their daily intake during the first 8 h in the respiration chamber (first measurement = 59% of daily intake; second measurement = 54% of daily intake). During the next 8 to 16 h sheep ate 28 (first measurement) or 32% (second measurement) of their daily intake while in the last 7 h sheep ate 13 (first measurement) or 14% (second measurement) of their daily intake.
Daily feed intake in the respiration chamber was not correlated with feed intake in any of the 7 d before entering the chamber (first measurement: r = 0.03 to 0.14, P > 0.05; second measurement: r = 0.03 to 0.13, P > 0.05). Daily feed intake in the respiration chamber ranged between 15 and 25% less than daily feed intake during each of the 7 d before animals went into the respiration chambers for both measurement periods (Fig. 2) .
Methane Production
The average (±SEM) DMP was similar between the 2 measurements (first measurement: 17.9 ± 0.55 g/23 h; second measurement: 17.6 ± 0.47 g/23 h; P = 0.55). Average hourly methane production over the 23 h was significantly correlated between the first and second measurements (r = 0.34, P < 0.001). Average hourly methane production over the 23 h ranged from 0.62 to 0.90 g/h for the first measurement and 0.59 to 0.86 g/h for the second measurement (Fig. 3) .
Correlation of Methane Production with Feed Intake
Daily methane production (g/23 h) was moderately correlated with total feed intake while in the chamber, with r 2 of 0.56 for the first measurement and 0.52 for the second measurement. The r 2 of hourly feed intake with hourly methane ranged from 0.16 to 0.59 for the first measurement while the second measurements showed lower coefficient of determination with a range of 0.002 to 0.44. There was no temporal pattern to the correlations in either measurement period, showing that there was no particular time or block of time when there was a particularly high correlation. There was a significant linear correlation between hourly methane production and hourly feed intake (F = 57.45 on 1 and 1,117 df, P < 0.001), which accounted for 4.8% of the variation in methane production. Including a time lag of 1, 2, 3, or 4 h into the methane production data did not improve the relationship between hourly methane production and hourly feed intake (Table 1) .
DISCUSSION
This study was unique in that the daily pattern of hourly feed intake of sheep with ad libitum access to feed in methane respiration chambers was quantified. In previous studies time spent eating has been used as an indicator of feed intake (Lockyer and Champion, 2001; Spörndly and Åsberg, 2006) or animals have been offered restricted or set amounts of feed in small instalments and refusals have been measured to obtain feed intake measurements throughout the day (Pinares-Patiño et al., 2003; Robinson et al., 2010) . We found that hourly feed intake of sheep with ad libitum access to feed in respiration chambers showed a similar pattern over 2 measurement periods 4 wk apart. During both measurements sheep ate continuously throughout the 23 h period, but most of the eating occurred during the first 8 h in the respiration chambers.
While the pattern of feed intake was repeatable over the 2 measurements, it did not resemble the circadian 2-peak feeding pattern of grazing sheep (Lynch et al., 1992) . Repetitive oral activities are prevalent in captive ungulates and are thought to be due mostly to the altered activity budgets induced by the artificial captive environment and high-concentrate diets reducing foraging and rumination times (Bergeron et al., 2006) . When captive ungulates are fed a fibrous diet, as was the case in the present study, they spend an increased amount of time eating that diet, possibly because other behaviors such as walking, grazing, and social interactions have been reduced and therefore time is spent with eating behaviors (Bergeron et al., 2006) . Therefore, although sheep seemed to eat continuously while in the respiration chamber, the small amounts ingested at night could have been a consequence of the animals redirecting their interests to oral activities due to the captive environment and lack of any enrichments in the chamber environment.
We expected that methane emissions would follow a similar pattern to eating behavior but found that there was a weak yet significant relationship between hourly feed intakes with hourly methane production. There is a lag time between feed intake and methane production but including a 1 to 4 h time lag did not improve the relationship between feed intake and methane production. Lockyer and Champion (2001) also found that a 1 to 3 h time lag did not improve the relationship between eating and ruminating time and hourly methane production. The fact that a time lag did not improve the relationship suggests that time lags should be based on more relevant information, such as rumen fractional outflow rates of each individual, rather than a blanket time lag for all animals. Without knowing the rumen fractional outflow rates and therefore the exact lag time for each individual animal, the weak relationship between hourly methane and hourly feed intake is perhaps not surprising. The relationship between total daily feed intake with DMP in the present study was weaker than the relationships reported in other studies (r 2 = 0.83 [Molano and Clark, 2008] and r 2 = 0.75 [Robinson et al., 2010] ). However, these studies used set feeding levels ranging from restricted levels to above maintenance rather than feeding for ad libitum intake. At lower levels of intake the relationship between feed intake and methane production is stronger, but when feed intake is above maintenance level the relationship weakens (Blaxter and Clapperton, 1965) . While methane production is strongly influenced by feed intake the actual relationship between methane production and feed intake becomes less important when animals control their own intake (Hegarty et al., 2007) , which would be the situation in most livestock production systems. The weakening of this relationship between feed intake and methane production when animals consume ad libitum amounts of feed highlights the potential risk of yielding biased results when using "general" regression equations from the literature (Benchaar et al., 1998; Ellis et al., 2007) to predict methane production of animals under conditions, which differ from that under which the equations were developed.
An unexpected result from this study was that despite using an accepted and published acclimatization procedure to habituate the animals to the respiration chambers, there was a 15 to 25% reduction in feed intake of all animals in the respiration chambers compared with their feed intake during the previous week in animal house pens. Reductions in feed intake during methane measurements have been reported in other studies using either the respiration chambers (Pinares-Patiño et al., 2011) or using the sulfur hexafluoride tracer technique (Hegarty et al., 2007) . A reduction in feed intake suggests that the animals were influenced by periods in the respiration chambers and thus methane measurements were conducted when feed intake levels were not at the animal's previous intake levels. It is important to consider why the animals showed a reduction in feed intake during the test conditions for methane production. If they were experiencing a level of stress that exceeds stress in "normal" conditions, this may impact on digestive processes and, therefore, methane production. The consequences of subclinical stress (including psychological stress) on rumen function and methane production are not obvious and therefore further research on the effects of stress on rumen function and methane production is required. Most methane chambers studies recommend habituating animals before actual measurement by acclimatization to the experimental conditions and/or repeated exposure to the chamber and environment (Pinares-Patiño et al., 2003; Williams et al., 2007; Goopy et al., 2011) . However, while studies have indicated that animals were habituated to the chambers due to acclimatization to the experimental conditions (Pinares-Patiño et al., 2003) or prior experience in the respiration chambers (Goopy et al., 2011) or the absence of any behavioral distress (Williams et al., 2007) , to our knowledge, no quantitative measures of habituation have been performed. Indeed, feeding a restricted diet and/or feeding in installments to mimic grazing animals may mask whether the animals are truly habituated to the chambers and the underlying stress the animals may experience. There is limited literature available on quantitative measures of habituation of animals to any confinement. Done-Currie et al. (1984) found that sheep transferred from pasture to an animal house took between 4 and 31 d to return to an expected ad libitum feeding level, while sheep that were brought from pasture into an animal house needed an average of 28 d before their cortisol concentration returned to "normal" levels (McNatty et al., 1972) . Bowers et al. (1993) found that although observations of lambs in metabolism stalls did not reveal any outward signs of distress, restraint of the lambs in the metabolism stalls caused physiological changes: increased adrenal function, thyroxine, and motivation for movement. These behavioral and physiological results indicate that acclimatization of animals to new conditions may take longer than previously thought and that behavioral assessments currently indicating acclimatization may not be adequate. The animals used in the present study showed no apparent behavioral signs of distress while in the respiration chambers, but the fact that feed intake was reduced may indicate that the animals were not completely habituated to the respiration chambers and in fact may have been psychologically stressed by the procedure. Future methane research may consider using more quantitative indicators of habituation to the methane measurement procedure and environment. Quantitative indicators could include assessing changes in feed intake levels whereby habituation is achieved when feed intake in the chamber is similar to before-chamber intake and/or using physiological measurements alongside behavioral measurements. 
